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Summary
Rhythmic limb movements are controlled by pattern-
generating neurons within the ventral spinal cord, but
little is known about how these locomotor circuits are
assembled during development. At early stages of
embryogenesis, motor neurons are spontaneously
active, releasing acetylcholine that triggers the depo-
larization of adjacent cells in the spinal cord. To in-
vestigate whether acetylcholine-driven activity is re-
quired for assembly of the central pattern-generating
(CPG) circuit, we studied mice lacking the choline
acetyltransferase (ChAT) enzyme. Our studies show
that a rhythmically active spinal circuit forms in ChAT
mutants, but the duration of each cycle period is elon-
gated, and right-left and flexor-extensor coordination
are abnormal. In contrast, blocking acetylcholine re-
ceptors after the locomotor network is wired does not
affect right-left or flexor-extensor coordination. These
findings suggest that the cholinergic neurotransmit-
ter pathway is involved in configuring the CPG during
a transient period of development.
Introduction
Spinal neuron development occurs in a precisely regu-
lated and highly stereotypical fashion under the control
of well-defined genetic pathways (Jessell, 2000). A
high-ventral to low-dorsal gradient of sonic hedgehog
(Shh) in the neural tube leads to the generation of dis-
tinct progenitor cell domains that serve as precursors
for different subclasses of neurons (Briscoe et al., 2000;
Ericson et al., 1997). A core feature of the neuronal dif-
ferentiation process is the activation of transcription
factor pathways involved in regulating cell fate specifi-
cation (Goulding et al., 2002; Jessell, 2000; Lee and
Pfaff, 2001). As development progresses, the emergent
neurons involved in locomotor control display high
levels of spontaneous activity driven by complex syn-
aptic connections between interneurons and motor
neurons (Hanson and Landmesser, 2003; Hanson and*Correspondence: pfaff@salk.eduLandmesser, 2004; Landmesser and O’Donovan, 1984;
Milner and Landmesser, 1999). The role of this activity
in the development of spinal circuitry has been debated
for a century; nevertheless, its function, if any, in estab-
lishing neuronal networks for controlling locomotor be-
havior remains unknown (Harrison, 1904; Haverkamp,
1986; Haverkamp and Oppenheim, 1986).
During development, spinal locomotor neurons be-
come organized into a neuronal network termed the
central pattern generator (CPG). This network repre-
sents an autonomously functioning circuit that controls
rhythmic movements in walking, breathing, and swim-
ming (Grillner et al., 1998). In walking and swimming,
the CPG controls right-left alternation of muscle groups
on each side of the body, as well as coordination of
extensor-flexor muscle contractions (Nishimaru and
Kudo, 2000). Lesion and isolation experiments have
mapped CPG neurons involved in the control of hindlimb
stepping to the ventral lumbar spinal cord (Cazalets et
al., 1995; Cowley and Schmidt, 1997; Kjaerulff and
Kiehn, 1996). Furthermore, each side of the lumbar cord
contains a functional CPG network, and each becomes
coupled to the other via mutually inhibitory connections
formed by commissural interneurons. Thus, longitudi-
nal split cord preparations that sever this commissural
pathway uncouple the left and right sides of the spinal
cord and disrupt the normal alternating step pattern
evoked by the bilateral CPGs (Kjaerulff and Kiehn,
1997; Nakayama et al., 2002).
Only recently have individual genetically identifiable
classes of interneurons been characterized in mam-
mals to understand their role in spinal motor circuitry
(Kullander et al., 2003; Lanuza et al., 2004; Sapir et al.,
2004). The right-left activity of locomotor neurons can
be reliably elicited from isolated lumbar preparations of
the spinal cord in the presence of N-methyl-D-aspar-
tate (NMDA) and serotonin (5-HT) (Kudo and Yamada,
1987; Nakayama et al., 2002; Smith and Feldman, 1987).
Using this preparation, electrophysiological studies have
begun to localize neurons with different firing proper-
ties to specific anatomical regions of the spinal cord
(Butt and Kiehn, 2003). However, due to the hetero-
geneity of neuronal subtypes within specific regions of
the spinal cord, genetic markers have increasingly be-
come a powerful tool for interneuron characterization
(Kiehn and Kullander, 2004; Whelan, 2003). En1+ V1 in-
terneurons are known to give rise to Renshaw cells
(Sapir et al., 2004), a class of local inhibitory interneu-
rons that form ipsilateral monosynaptic connections
with motor neurons (Renshaw, 1946; Wenner and O’Do-
novan, 1999). V0 cells represent a large population of
commissural interneurons in the ventral spinal cord that
require the Dbx1 transcription factor for their proper
specification (Pierani et al., 2001). Recent studies of
Dbx1mutant mice lacking V0 interneurons demonstrate
that this cell population is required for normal right-left
coordination (Lanuza et al., 2004). Similarly, EphA4 mu-
tant mice exhibit a kangaroo-like hopping behavior as
a result of excitatory interneurons inappropriately
crossing the midline (Kullander et al., 2003).
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38Like many emergent neuronal networks (Feller, 1999; i
O’Donovan, 1999), embryonic motor circuits exhibit f
regular bursts of spontaneous activity (Hanson and t
Landmesser, 2003; Milner and Landmesser, 1999;
O’Donovan et al., 1998). The early phase of spontane- R
ous bursting is driven by cholinergic synapses with the
help of GABAergic and glycinergic interneurons work- S
ing in an excitatory manner (Hanson and Landmesser, i
2003). Although somewhat counterintuitive, it appears T
that the output cells for locomotion, motor neurons, are m
the likely source of the acetylcholine that drives spon- e
taneous activity in the embryonic spinal cord. This re- 2
current pathway appears to be mediated by axon col- c
laterals from motor neurons that form local connections p
to spinal interneurons and adjacent motor neurons (Ec- i
cles et al., 1954; Hanson and Landmesser, 2003; Sapir i
et al., 2004). However, during development the neuro- (
transmitter systems used to drive spontaneous activity s
switch, and glutamate gradually replaces the choliner- w
gic pathway while GABA and glycine begin to have in- l
hibitory effects at around the same time (Chub and E
O’Donovan, 1998; Milner and Landmesser, 1999; Ser- o
nagor et al., 1995). When the normal patterns of these u
rhythmic episodes are forced to occur less frequently, s
dorsal-ventral guidance errors occur in the peripheral
hindlimb, suggesting that these depolarizations influ- s
ence the expression and/or function of axon guidance g
molecules (Hanson and Landmesser, 2004). Similarly, in h
Xenopus embryos, the pattern of neuronal activity in a
the developing spinal cord has a dramatic influence on N
gene regulation and the particular neurotransmitter
w
phenotype acquired by the developing cells (Borodin-
t
sky et al., 2004).
a
Although well-defined transcriptional cascades are
i
known to control spinal neuron development (Briscoe
c
and Ericson, 2001; Jessell, 2000; Lee and Pfaff, 2001;
nShirasaki and Pfaff, 2002), it has remained unclear
owhether spontaneous neuronal activity also contributes
tto the development of functional locomotor circuits
b(Harrison, 1904; Haverkamp, 1986; Haverkamp and Op-
qpenheim, 1986). Since acetylcholine is the main neuro-
transmitter driving early motor activity, we reasoned
cthat mouse mutants lacking the rate-limiting enzyme
efor acetylcholine biosynthesis, choline acetyltransfer-
sase (ChAT), would lack spontaneous activity during
uearly embryonic stages of spinal cord development. As
Dexpected, we found that E12.5 ChAT mutant embryos
p(Brandon et al., 2003; Misgeld et al., 2002) exhibit mark-
Pedly reduced levels of activity compared to controls.
lA day later, however, a low frequency of spontaneous
iactivity was detected in ChAT mutant embryos, but it
twas atypically driven by glutamatergic inputs in the ab-
tsence of the normal cholinergic signaling pathway.
iLikewise, the effects of glycine on motor activity were
rfound to be altered in ChAT mutants. At early stages,
pglycine has an excitatory effect on activity in control
nembryos, whereas in ChAT mutants it has an inhibitory
teffect. Despite these physiological changes, E18.5
nChAT-deficient embryos assemble spinal circuits capa-
eble of generating rhythmically alternating motor output.
iNevertheless, the coordination between right-left al-
lternation and extensor-flexor regulation is abnormal in
sthese mutants. These locomotor defects cannot be
amimicked by the acute application of acetylcholine re-ceptor antagonists on wild-type embryos, demonstrat-ng that the cholinergic signaling pathway is required
or proper development of locomotor circuits during a
ransient period of embryonic development.
esults
pontaneous Activity Is Diminished
n ChAT Mutants
he role of acetylcholine in the development of spinal
otor neurons and their synapses has been previously
xamined using ChAT mutant mice (Brandon et al.,
003; Misgeld et al., 2002). These mutants exhibit in-
reased muscle nerve branching, hyperinnervation, and
erinatal death due to paralysis. Because acetylcholine
s known to drive regular episodes of neuronal activity
n early embryonic chick and mouse motor neurons
Hanson and Landmesser, 2003; Milner and Landmes-
er, 1999), we examined whether spontaneous activity
as altered in ChAT mutant mice. Recordings from
umbar sciatic nerves of wild-type and heterozygous
12.5 mice detected recurring episodes of spontane-
us activity at a frequency of 0.4 ± 0.1 bursts/min (Fig-
res 1A and 1F). In contrast, E12.5 ChAT mutants lacked
pontaneous bursts altogether (Figures 1B and 1F).
The frequency of spontaneous bursting episodes is
imilar from E12.5 to E13.5 in wild-type and heterozy-
ous mice (Figures 1A, 1C, and 1F). In ChAT mutants,
owever, a change occurred at E13.5, and spontaneous
ctivity became detectable (Figures 1B, 1D, and 1F).
evertheless, the frequency of activity in ChATmutants
as reduced compared to that in controls. From E12.5
o E15.5, we found that the frequency of spontaneous
ctivity in wild-type embryos gradually declined. Start-
ng at E16.5, a marked increase in activity occurred in
ontrols, which persisted beyond E18.5 (Figure 1F; data
ot shown). ChAT mutants exhibited a different pattern
f spontaneous activity during development: motor ac-
ivity was reduced compared to that in controls, and
ursting in the mutants failed to shift to a higher fre-
uency at E16.5 (Figure 1F).
Next, we defined the temporal period in which acetyl-
holine is required for spontaneous activity in wild-type
mbryos. We monitored the frequency of bursting epi-
odes at developmental stages from E12.5 to E18.5
sing the nicotinic acetylcholine receptor antagonist
HβE to disrupt cholinergic signaling (Figure 1G). Two
hases of spinal cord development were identified:
hase I, from E12.5–E14.5, was dependent upon cho-
inergic signaling, and, therefore, DHβE blocked activ-
ty; Phase II, from E15.5 onward, was defined by activity
hat persisted in the presence of DHβE (Figure 1G). We
hen examined the frequency of spontaneous activity
n ChAT mutant embryos, expecting to observe a full
ecovery during Phase II of development, starting at ap-
roximately E15.5. Nevertheless, we found that sponta-
eous activity in ChAT mutants did not recover to wild-
ype levels after E15.5 (Figures 1F and 1G). We also
oted that, during Phase I, spontaneous activity was
ntirely dependent upon nicotinic cholinergic signaling
n wild-type embryos, whereas ChAT mutants exhibited
ow levels of spontaneous activity at E13.5–E14.5 de-
pite the lack of acetylcholine (Figure 1G). The residual
ctivity in ChAT mutants was not mediated by nicotinicacetylcholine receptors’ binding to choline, for exam-
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39Figure 1. Spontaneous Activity Is Reduced throughout Develop-
ment in ChAT Mutants
(A) Rhythmic spontaneous bursting is observed in a 10 min high-
pass filtered (0.01–1 kHz) recording from the right sciatic nerve of
an E12.5 heterozygous embryo. (B) In contrast, spontaneous bursts
were not detected in E12.5 ChAT mutants under similar recording
conditions. (C) 10 min high-pass filtered recording of episodic
spontaneous activity from the right sciatic nerve of an E13.5 het-
erozygous embryo. (D) Recording of spontaneous activity from a
ChAT mutant at E13.5. Spontaneous activity is detected in E13.5
ChAT mutants; however, the frequency of bursts is reduced com-
pared to heterozygous controls. (E) Although spontaneous activity
is driven by acetylcholine in control embryos at E13.5 (G), sponta-
neous activity in ChAT mutants is not blocked by the nicotinic re-
ceptor antagonist DHβE. (F) Developmental analysis of the fre-
quency of spontaneous activity recorded from the sciatic nerve of
wild-type (open bar) and ChAT mutant (black bar) embryos. Activity
is markedly reduced throughout development of the ChAT mutant
embryos. Error bars represent the mean ± SEM. (G) The link be-
tween cholinergic neurotransmission and spontaneous activity was
examined by applying the nicotinic receptor antagonist DHβE to
wild-type embryos from E12.5–E18.5 (black line). Two phases were
defined: Phase I, from E12.5–E14.5, in which acetylcholine was re-
quired for spontaneous activity, and Phase II, from E15.5 onward, in
which spontaneous activity is not blocked by DHβE. Spontaneous
motor activity in ChAT mutants (red) is less than that in wild-type
embryos (black dashed line) during both Phase I and Phase II and
is unaltered by DHβE at any stage ([E], data not shown). Error bars
represent the mean ± SEM.ple, because DHβE failed to block the spontaneous
bursts (Figure 1E). Taken together, these findings
demonstrate that spontaneous activity is diminishedthroughout development in ChATmutants and that sec-
ondary changes occur that result in an unusual noncho-
linergic form of spontaneous activity during Phase I
that can not reach normal levels during Phase II.
Intersegmental Spinal Circuits Are Uncoupled
in Early ChAT Mutants
Previous studies have shown that direct activation of
motor neurons in E12.5 embryos elicits episodes of ac-
tivity that propagate through the lumbar spinal cord
(Hanson and Landmesser, 2003). To assess the net-
working of spinal neurons in the absence of cholinergic
signaling, we antidromically stimulated motor axons in
the right sciatic nerve of controls and ChAT mutants.
The synchronous activation of motor neurons in the sci-
atic nerve induced a compound action potential in both
wild-type and mutant embryos, but this only induced a
prolonged episode of bursting within the sciatic nerve
of control embryos (Figures 2A and 2B). In addition, the
antidromic stimulation of the sciatic nerve propagated
rostrally to the crural nerve in wild-type embryos, but
not in ChATmutants (Figures 2A and 2B). Next, we used
direct stimulation of the spinal cord over the crural
nerve to induce bursting. Although both the crural and
sciatic nerves were activated by direct stimulation in
wild-type embryos, bursting was only detected in the
crural nerve of ChAT mutants, revealing a defect in the
propagation of motor activity caudally to the sciatic
nerve (Figures 2C and 2D). These findings argue for a
role of cholinergic transmission in the activation of both
local and propagating mouse motor circuits (Hanson
and Landmesser, 2003).
Chronic Acetylcholine Deprivation Leads
to Premature Glutamate-Driven Activity
We next performed studies to understand the basis for
the nonnicotinic form of spontaneous activity that
emerged at approximately E13.5 in ChAT mutants. In
both the late embryonic and adult spinal motor circuits,
the main excitatory drive is provided by glutamatergic
spinal interneurons (Chub and O’Donovan, 1998; Rek-
ling et al., 2000; Ritter et al., 1999). During early stages
of development, however, glutamatergic input appears
to be dispensable for spontaneous activity. Conse-
quently, the addition of the AMPA/kainate receptor an-
tagonist CNQX, together with the NMDA receptor an-
tagonist APV, to E13.5 wild-type embryos does not
significantly alter rhythmic spontaneous bursting (Fig-
ures 3A–3C). To define the embryonic period in which
glutamatergic neurotransmission becomes necessary
for spontaneous motor activity, we measured the fre-
quency of bursts in the presence of CNQX and APV
at a series of developmental ages from E12.5 to E18.5
(Figure 3C). Two phases of development were again ob-
served: Phase I, spanning E13.5 to E15.5, was defined
by spontaneous activity that persisted in the presence
of glutamate receptor antagonists, whereas Phase II,
from E15.5 onward, exhibited an absolute requirement
for glutamatergic signaling (Figure 3C). Interestingly,
these two phases of glutamatergic function comple-
mented the pattern seen with nicotinic receptor antag-
onists (see Figure 1G), suggesting that the switch from
cholinergic to glutamatergic drive may be coordinated.
The residual spontaneous activity detected in ChAT
Neuron
40Figure 2. Cholinergic Signaling Is Required
for Both Local and Propagating Spinal Mo-
tor Circuits
(A and B) Antidromic stimulation of the right
sciatic nerve in E12.5 spinal cord prepara-
tions. Compound action potentials verify de-
polarization of the motor neurons. (A) Anti-
dromic stimulation of the right sciatic nerve
of control embryos results in both local (sci-
atic) and propagating circuit (crural) activa-
tion. (B) In contrast, antidromic stimulation
of the right sciatic nerve of ChATmutant em-
bryos fails to generate either a local burst
(sciatic) or a propagating burst (crural).
(C and D) Direct stimulation of the lumbar
spinal cord adjacent to the crural nerve in
E12.5 embryos. (C) Direct stimulation of
wild-type embryos evokes a local (crural)
and propagating (sciatic) burst. (D) Direct
stimulation of ChAT mutant embryos evokes
a local burst (crural), but this fails to proga-
gate to the sciatic nerve.transmitter function was apparent. During Phase I,mutants partially compensate for the absence of cho-
Figure 3. Premature Glutamatergic Drive Is
Detected in ChAT Mutants
(A) Spontaneous activity recorded from the
right (top trace) and left (bottom trace) sci-
atic nerve of E13.5 wild-type embryos is not
blocked by glutamate receptor antagonists
APV and CNQX.
(B) Example of burst from (A) with expanded
time scale.
(C) Developmental analysis of spontaneous
activity in the presence of glutamate recep-
tor antagonists APV and CNQX. During
Phase I, the glutamate antagonists fail to
block motor activity, whereas during Phase
II, spontaneous firing is suppressed. Error
bars represent the mean ± SEM.
(D) Unlike controls, spontaneous activity re-
corded from the right (top trace) and left
(bottom trace) sciatic nerve of E13.5 ChAT
mutant embryos is silenced by APV and
CNQX.
(E) Expanded time scale from (D).
(F) APV and CNQX block spontaneous activ-
ity in ChAT mutants at all developmental
stages tested.mutants at E13.5–E14.5 was unexpected, since this l
ofalls within the cholinergic period (Phase I) of activity in
wild-type embryos. To identify the physiological basis
for the atypical activity in ChAT mutants, we tested for G
Ia possible compensatory role for glutamatergic signal-
ing. For comparison, APV and CNQX do not block r
espontaneous activity during Phase I in controls, whereas
these glutamatergic antagonists suppressed activity in s
cChAT mutants during this same period (Figures 3D–3F).
During Phase II, however, both wild-type and ChATmu- m
ttants require glutamatergic drive to promote spontane-
ous motor bursts (Figures 3C and 3F). Thus, ChAT ninergic drive by prematurely using glutamate in place
f acetylcholine.
lycine Function Is Altered in ChAT Mutants
n addition to nicotinic acetylcholine receptors, glycine
eceptors also promote spontaneous motor activity in
arly-stage wild-type embryos (Hanson and Landmes-
er, 2003; Nishimaru et al., 1996). To examine gly-
inergic signaling, we first monitored the frequency of
otor bursts from E12.5–E18.5 wild-type embryos in
he presence of the glycine receptor antagonist strych-
ine (Figure 4A). Again, a biphasic pattern of neuro-
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41Figure 4. Developmental Analysis of Glycinergic Signaling in Wild-Type and ChAT-Deficient Embryos
(A) The glycinergic receptor antagonist strychnine reduces spontaneous activity from E12.5–E14.5 (Phase I), then increases activity from
E16.5 onward (wPhase II) in wild-type embryos. Error bars represent the mean ± SEM.
(B) Strychnine elevates the frequency of spontaneous bursts in E13.5–E14.5 ChAT mutant embryos, which is opposite to the effect seen in
wild-type controls.
(C) Summary of inhibitory and excitatory signaling during development of wild-type and ChAT-deficient embryos. Two distinct phases of
neurotransmission are observed in control embryos: Phase I (E12.5–E14.5) is a period in which spontaneous activity requires acetylcholine
and glycine, and Phase II (E15.5 onward) represents a time when acetylcholine has diminished function, glutamate drives activity, and glycine
inhibits activity. Physiological studies demonstrate that spontaneous motor activity in ChAT mutants acquires properties of the Phase II
period prematurely. Error bars represent the mean ± SEM.when acetylcholine provides the main excitatory drive,
blocking glycine receptors markedly diminished the fre-
quency of spontaneous motor bursts. In contrast, dur-
ing Phase II, when glutamate provides the main excit-
atory drive, strychnine enhanced the frequency of
spontaneous bursts (Figure 4A). Thus, the effects of
glycine on motor activity switch from excitatory to in-
hibitory as development progresses.
To determine whether spontaneous activity in ChAT
mutants is dependent on glycine receptors during
Phase I, we tested the effects of strychnine at E13.5–
E14.5. Motor activity was suppressed in wild-type con-
trols, whereas strychnine had the opposite effect on
ChAT mutants, leading to enhanced motor activity (Fig-
ure 4B). In the absence of cholinergic transmission,
both glutamate and glycine exhibit premature func-
tions: glutamate begins to drive the circuit prematurely,
whereas glycine inhibits the circuit earlier than normally
occurs (Figure 4C).
Neuronal Specification Appears Normal
in ChAT Mutants
We found that the firing pattern and physiology of
spontaneous motor activity were altered in ChAT mu-
tants, prompting us to examine whether neuronal de-
velopment was affected by the chronic absence of ace-
tylcholine. At E13.5 in ChAT mutants (Phase I), we
observed that Evx1 labeling of V0 interneurons, Chx10
labeling of V2 interneurons, and Isl1 labeling of motor
neurons and D2 interneurons were comparable in cell
number and position to those in control embryos (Fig-
ures 5A–5F). Next, we tested whether the columnar po-
sition and/or axon pathfinding of motor neuron sub-
types was altered. The lateral motor column (LMC) and
the medial half of the median motor column (MMCm)
were retrogradely labeled by injecting rhodamine-dextran
into limb and axial musculature, respectively. Labeled
E13.5 motor neuron subtypes were found in their nor-
mal columnar position within ChAT mutants prior to the
cell death period, suggesting that cell body sorting andaxon pathfinding of these major classes of motor neu-
rons were not grossly affected (Figures 5G–5J). Next,
we used in situ hybridization to determine whether
transcripts for the vesicular inhibitory amino acid trans-
porter (VIAAT) and vesicular glutamate transporter-2
(VGLUT2) were expressed in their normal distribution.
Despite the altered function of glycine and glutamate
during Phase I in ChAT mutants, VIAAT and VGLUT2
were expressed in a normal distribution and at similar
levels to those observed in wild-type control embryos
(Figures 5K–5N). Finally, we examined the expression of
the potassium-chloride cotransporter-2 (KCC2), since
altered levels might influence intracellular chloride con-
centrations, which could underlie glycine’s switch from
excitatory to inhibitory effects during development
(Ben-Ari, 2002). Nevertheless, we found that the overall
level and cellular distribution of KCC2 were unaltered at
E13.5 in ChAT mutants (Figures 5O and 5P).
Next, we examined the expression pattern of cellular
markers at E18.5 during Phase II of spontaneous activ-
ity. We found similar numbers of Chx10+ V2 interneu-
rons and Evx1+ V0 interneurons in both ChAT mutants
and control embryos, in agreement with the results in
earlier developmental stages (Figures 5Q–5T; Table 1).
Consistent with previous findings (Brandon et al., 2003;
Misgeld et al., 2002), motor neurons appeared to be
spared from cell death in ChAT mutants, leading to an
increase in the number of Isl1+ motor neurons (Figures
5U and 5V; Table 1). Calbindin labeling of ventral inter-
neurons was unaltered in ChAT mutants compared to
controls at E18.5, suggesting that Renshaw cell num-
bers were normal (Figures 5W and 5X; Table 1). Simi-
larly, the levels and distribution of VIAAT, VGLUT2, and
KCC2 were unchanged in ChAT mutants during the lat-
ter period of development (Figures 5Y–5DD; Table 1).
Taken together, these results indicate that neither cell
fate specification nor gene expression is dramatically
altered in ChAT mutants and, therefore, the cellular
properties that we have monitored are unlikely to ac-
count for the physiological changes detected in ChAT
mutants.
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(A–F) Immunohistochemical stains in transverse sections of E13.5 embryos. (A and B) Chx10 labels nuclei of V2 interneurons. (C and D) Evx1
labels nuclei of V0 interneurons. (E and F) Isl1 labels nuclei of motor neurons in the ventral neural tube and dorsal-medial D2 interneurons.
(G–J) Retrograde rhodamine-dextran fills of specific motor columns in E13.5 embryos. (G and H) Lateral motor column (LMC) fill. (I and J)
Medial motor column, medial division (MMCm) fill. (A–J) White dashed lines define the neural tube edge and midline.
(K–P) In situ hybridization to detect transcripts encoding (K and L) vesicular inhibitory amino acid transporter (VIAAT), (M and N) vesicular
glutamate transporter (VGLUT2), and (O and P) potassium chloride cotransporter (KCC2) in spinal cords of E13.5 embryos.
(Q–X) Immunohistochemical stains in transverse sections of E18.5 embryos to detect (Q and R) Chx10 in V2 cells, (S and T) Evx1 in V0 cells,
(U and V) Isl1 in motor neurons and D2 cells, and (W and X) calbindin in Renshaw interneurons.
(Y–DD) In situ hybridization to detect transcripts encoding (Y and Z) VIAAT, (AA and BB) VGLUT2, and (CC and DD) KCC2 in spinal cords of
E18.5 embryos.presence of nicotinic receptor antagonists DHβE, dTC,however, several features of the discharge pattern were
Table 1. Neuronal Marker Analysis
Neuronal Markers
Genotype Isl1 Chx10 Calbindin ERR3 Evx1 VGLUT2 VIAAT KCC2
+/+ 22.8 ± 3.6 50.3 ± 3.6 13.6 ± 1.8 75.5 ± 5 .5 25.5 ± 4.2 178.8 ± 26 84.7 ± 6.3 16.0 ± 2.8
−/− 31.5 ± 3.8 53.5 ± 5.4 11.3 ± 1.3 63.5 ± 4.2 27.2 ± 4.4 183.5 ± 10 84.0 ± 4.3 25.2 ± 3.7
−/− (% wt) 138% ± 12% 106% ± 10% 83% ± 11% 84% ± 7% 107% ± 16% 103% ± 5% 99% ± 5% 157% ± 15%
Cell counts ± SEM from E18.5 wild-type and ChAT mutant embryos. Isl1 and KCC2 labeling was quantified for motor neurons only. Since
motor neuron cell death is reduced in ChAT mutants, the number of labeled Isl+ and KCC+ motor neurons is correspondingly increased at
E18.5 compared to controls. ERR3 represents a transcription factor marker of spinal interneurons that reside in lamina VII (C.P.M. and S.L.P.,
unpublished observation). Percentages represent the mean ± SEM.Locomotor Circuit Activity Is Detected a
cin ChAT Mutants
The altered pattern and physiology of spontaneous ac- 0
btivity in ChAT mutants raised the possibility that the
lumbar spinal circuits controlling rhythmic alternating l
whindlimb movements might also be affected. To test the
function of the hindlimb CPG, we evoked locomotor ac- a
etivity by applying NMA, 5-HT, and dopamine to lumbar
preparations of neonatal mice (Jiang et al., 1999; Kul- s
Clander et al., 2003; Whelan et al., 2000). This embryonic
locomotor-like activity appears to share many similari- 3
ties with walking movements in adult rodents. Record-
ings of extracellular voltage from the right and left L2 t
5spinal nerves detected rhythmic alternating discharge
from E18.5 ChAT mutant embryos (Figures 6A–6C); wltered compared to those in wild-type embryos. In
ontrol embryos, the duration of each burst was 1.4 ±
.1 s, whereas ChAT mutants had markedly longer
ursts averaging 2.2 ± 0.1 s (p < 0.001). Indeed, the
ongest bursts in wild-type embryos rarely overlapped
ith the shortest bursts in ChAT mutants (Figure 6E). In
ddition to an increased burst duration, the period of
ach cycle (the time from the start of one burst to the
tart of the next burst) was significantly elongated in
hAT-deficient mice (control period, 2.2 ± 0.1 s versus
.4 ± 0.1 s in mutants; p < 0.001) (Figure 6F).
To address whether acetylcholine had an acute func-
ion in modulating the bursting pattern evoked by NMA,
-HT, and dopamine, we triggered CPG activity from
ild-type E18.5 lumbar spinal cord preparations in the
Development of Locomotor Circuits
43Figure 6. Acetylcholine Has an Acute Function in Modulating CPG Activity
(A) Schematic depicting the ventral surface of the embryonic mouse lumbar cord. Left and right L2 roots are drawn into suction electrodes
for recording electrical activity in the presence of a locomotor-inducing drug cocktail containing serotonin (5-HT), N-methyl-D,L-aspartate
(NMA), and dopamine.
(B–D) High-pass filtered (0.01–1 kHz) recording of wild-type (B), ChAT mutant (C), and wild-type + DHβE (D) locomotor activity from the left
and right L2 roots of E18.5 embryos.
(E) Distribution of L2 burst durations as a percentage of total bursts (% total burst) for E18.5 control (blue bars) and ChAT mutant embryos
(red bars).
(F) Distribution of L2 cycle periods as a percentage of total number of periods (% total burst) for E18.5 control (blue bars) and ChAT mutant
embryos (red bars).
(G and H) Acute blockade of nicotinic receptors with DHβE on E18.5 wild-type embryos. (G) Distribution of burst durations as a percentage
of total bursts for wild-type E18.5 embryos in the absence (blue bars) or presence of DHβE (red bars). (H) Distribution of L2 cycle periods as
a percentage of total bursts for wild-type E18.5 embryos in the absence (blue bars) or presence of DHβE (red bars).and/or mecamylamine. Each antagonist, alone or in
combination, extended the burst duration and the
period of each cycle (Figures 6D, 6G, and 6H). Burst
durations in control embryos were measured at 1.4 ±
0.1 s, whereas application of nicotinic receptor antago-
nists extended burst durations to 2.0 ± 0.1 s. These
findings indicate that acetylcholine influences CPG ac-
tivity at E18.5 and suggests that at least some of the
changes detected in ChAT mutants arise from the loss
of this modulatory pathway.
Acetylcholine Is Required for Proper
CPG Development
Although alternating locomotor-like activity was evoked
from ChATmutant embryos with 5-HT, NMA, and dopa-
mine, we found that the phase relationship and coordi-
nation between right-left bursts were altered in the mu-
tants. Controls exhibit a strictly alternating pattern of
right-left activity that results in a nearly invariant 180degree phase relationship in polar plots (Figures 7A–
7C) (Kjaerulff and Kiehn, 1996). ChAT mutants, in con-
trast, exhibit a reproducible shift in right-left coordina-
tion that results in a deflection in the pattern of activity
to 140 degrees (Figures 7E–7G). In addition, this altered
firing pattern was associated with an increase in the
overlap in bursts from right-left L2 recordings, revealed
by averaging 100 individual bursts from wild-type and
mutant embryos (Figures 7B and 7F). Right-left bursts
recorded from wild-type embryos overlapw20% of the
total period, whereas in ChAT mutants, this increased
to w40%. Next, we examined extensor-flexor activity
by recording bursting patterns from the rL2 ventral root,
which is comprised primarily of flexor class motor neu-
rons, and rL5, containing mainly extensors. As in right-
left regulation, flexor-extensor motor neurons normally
display an alternating pattern of activity reflected by a
180 degree phase relationship in polar plots (Figures
7C and 7D) (Kiehn and Kjaerulff, 1996; Whelan et al.,
Neuron
44Figure 7. Locomotor Circuits Develop Abnormally in ChAT Mutants
(A, E, I, M, and Q) Low-pass filtered (0.02–10 Hz) 10 s recording of superimposed rhythmic alternating activity evoked by 5-HT, NMA, and
dopamine from left (red) and right (blue) L2 roots of E18.5 embryos. (B, F, J, N, and R) Left (red) and right (blue) traces generated by averaging
100 locomotor cycles. ChAT mutant embryos recorded under similar conditions as controls exhibit more overlap in their right-left bursting
profile. (C, G, K, O, and S) Circular phase diagrams depicting the alternation between right and left L2 and flexor (L2) versus extensor (L5)
motor activity evoked by drugs at E18.5. (C) Wild-type embryos have mean phase values of w180 degrees for both right-left and extensor-
flexor, indicating strict alternation. (G) In contrast, alternation is shifted to w140 degrees in ChAT mutants. (K) The phase shift observed in
ChAT mutants cannot be mimicked by applying the nicotinic receptor antagonist DHβE to wild-type embryos. (O) The glycine reuptake
inhibitor sarcosine (200 M) does not restore proper right-left alternation in ChAT mutants. (S) Unlike DHβE, sarcosine acts in a dose-
dependent manner on E18.5 wild-type embryos to shift the right and left L2 phase out of strict alternation. (D, H, L, P, and T) Summary of
phase relationships.2000). Although right-left and flexor-extensor control F
ican be genetically dissociated (Kullander et al., 2003;
Lanuza et al., 2004), we found that ChAT mutants ex- i
thibited comparable defects in both right-left and flexor-
extensor alternation (Figures 7G and 7H). s
pThese findings raised the question of whether acetyl-
choline had a direct function in controlling right-left and r
eflexor-extensor alternation, or whether the defects found
in the ChAT mutants resulted from a chronic depriva- a
tion of acetylcholine during development that resulted
in long-term secondary defects in the circuit. To ad- i
hdress this, we examined whether the acute addition of
the nicotinic receptor antagonist DHβE could shift the m
pright-left and/or extensor-flexor phase relationship in
wild-type embryos. We found, however, that nicotinic w
acholinergic blockers failed to alter the coordination and
phasing of right-left and extensor-flexor motor output t
t(Figures 7I–7L). Similarly, blocking muscarinic acetyl-
choline receptors with atropine, alone or in combination (
wwith nicotinic antagonists DHβE and mecamylamine,
failed to alter the phasing of motor activity (data not i
oshown). These findings suggest that secondary changes
arise in ChAT mutants that alter the function of spinal l
fcord cells controlling hindlimb stepping movements.urther, evidence for abnormal spinal network function
n ChAT mutants was independently gained by examin-
ng the pattern of motor activity evoked under condi-
ions of “disinhibition” caused by bicuculline and
trychnine. Again, we found that ChAT mutants dis-
layed an atypical pattern of activity that could not be
eproduced by acute application of DHβE to wild-type
mbryos (see Figure S1 in the Supplemental Data avail-
ble with this article online).
To explore the basis for the alternation defects found
n ChAT mutants, we tested whether strengthening in-
ibitory inputs would shift the locomotor pattern to
ore normal values centered around 180 degrees in
olar plots. The glycine reuptake inhibitor sarcosine,
hen applied to preparations of ChAT mutant embryos
t concentrations ranging from 1–400 M, failed to shift
he right-left phase to 180 degrees and similarly failed
o reduce the burst period to values found in wild-types
Figures 7M–7P). Conversely, sarcosine application to
ild-type embryos resulted in a dose-dependent shift
n the phase relationship between right and left motor
utputs (Figures 7Q–7T). Our findings, therefore, estab-
ish a role for cholinergic signaling, likely originating
rom motor neurons themselves, in the proper develop-
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45ment of the CPG circuit. Without acetylcholine during
early development of the spinal cord, secondary de-
fects that alter locomotion arise.
Discussion
Prior to the assembly of functional locomotor circuits
in the spinal cord, acetylcholine drives recurrent epi-
sodes of spontaneous motor activity (Hanson and
Landmesser, 2003; Milner and Landmesser, 1999). In
this study, we used ChAT mutant embryos lacking the
rate-limiting enzyme for acetylcholine biosynthesis to
test whether the absence of cholinergic neurotransmis-
sion during development influences the function of spi-
nal locomotor neurons. We found that embryos chroni-
cally deprived of acetylcholine during embryogenesis
underwent secondary changes that affected the physi-
ology and pattern of spontaneous and evoked locomo-
tor activity. In ChAT mutants, glutamatergic and gly-
cinergic inputs acquired premature functions (Figure
4C), and the coordination of right-left and extensor-
flexor alternation was abnormal (Figures 7D and 7H).
These defects were not replicated by acutely blocking
acetylcholine receptors, indicating that cholinergic sig-
naling serves a critical priming function during early
spinal cord development, facilitating the proper emer-
gence and function of spinal locomotor circuits.
Modulation of Locomotor Activity:
A Direct Role for Acetylcholine
The duration of bursts and the period of each cycle
evoked by the addition of 5-HT, NMA, and dopamine
to E18.5 lumbar preparations were markedly longer in
ChAT-deficient embryos than in controls. Similarly, we
also found that addition of nicotinic receptor antago-
nists to the recording bath of wild-type embryos elon-
gated the burst duration and the period of evoked loco-
motor activity. Taken together, these results support
previous findings that have shown the role of acetyl-
choline in the modulation of motor output (Panchin Yu
et al., 1991; Perrins and Roberts, 1995). Electrophysio-
logical studies of spinal circuitry have identified Ren-
shaw cells as a population of GABAergic and gly-
cinergic inhibitory interneurons that express nicotinic
receptors and receive direct recurrent input from cho-
linergic motor neuron collaterals (Windhorst, 1990).
Thus, motor neuron activity is known to activate Ren-
shaw cells, which then provide negative feedback to
dampen motor output. Nevertheless, it remains un-
known whether the disruption of cholinergic inputs to
Renshaw cells accounts for the elongation of the bursts
and period in ChAT mutants, because other cells in the
spinal cord also express nicotinic acetylcholine recep-
tors, including motor neurons themselves. Recent de-
velopmental studies have identified V1 interneurons de-
rived from cells that express the Pax6 and En1
transcription factors as a source of the Renshaw cell
population in the ventral spinal cord (Sapir et al., 2004;
Wenner and O’Donovan, 1999). Interestingly, V1 inter-
neurons and motor neurons have a close develop-
mental relationship with one another (Ericson et al.,
1997; Pfaff et al., 1996). Perhaps the assembly of cir-cuits involved in modulating motor output is facilitated
by coordinating the specification of the cellular constit-
uents.
Two pharmacologically distinct types of motor cir-
cuits have been identified within the embryonic spinal
cord: a local circuit and a propagating circuit (Hanson
and Landmesser, 2003). The antidromic stimulation of
motor neurons can activate both of these networks
in an acetylcholine-dependent manner. Consequently,
neither the local nor the propagating circuit was acti-
vated following antidromic stimulation of motor neu-
rons in ChAT mutants. Direct stimulation of the spinal
cord bypassed the dependency on cholinergic trans-
mission and led to activation of the local circuit in ChAT
mutants. In contrast, the propagating circuit remained
inactive, even under direct stimulation, indicating that
the function of acetylcholine in the local and propagat-
ing circuits can be dissociated. An implication of these
findings is that activation of the local circuit does not
depend solely on acetylcholine, whereas the propagat-
ing circuit exhibits an absolute requirement for this neu-
rotransmitter. Furthermore, if motor neurons are the
source of the acetylcholine used in these circuits, as
seems likely (Hanson and Landmesser, 2003), motor
neurons themselves represent a critical substrate for
intersegmental propagation of nerve impulses.
Acetylcholine and Spinal Cord Development
Studies of CPG circuits involved in controlling rhythmic
alternating locomotor activity in mouse and rat have
largely focused on the neonatal period following as-
sembly of the circuit (Cazalets et al., 1995; Kiehn and
Kjaerulff, 1996; Kjaerulff and Kiehn, 1996; Whelan et al.,
2000). ChAT mutant embryos exhibited a reproducible
defect in their coordination of right-left CPG activity
and abnormal regulation of flexor-extensor patterning.
In both cases, the strictly alternating relationship be-
tween right-left and flexor-extensor was shifted out of
the normal 180 degree phase in a coherent manner. Al-
though several mutations have been characterized with
right-left coordination defects that can lead to abnor-
mal hopping behaviors (Kullander et al., 2003; Lanuza
et al., 2004), the locomotor defects observed in ChAT
mutants are distinct from those in which commissural
neuron development has been disrupted. If the neuro-
muscular defects resulting from the ChAT mutation
were not lethal (Brandon et al., 2003; Misgeld et al.,
2002), we would anticipate that these animals would
display abnormal hindlimb movements.
Several lines of evidence suggest that the altered lo-
comotor activity exhibited by ChAT mutant embryos is
the result of stable secondary modifications that affect
the development, function, and/or connectivity of spi-
nal cord cells. First, we found that glutamate-mediated
excitatory drive emerges prematurely. Second, glycine-
mediated inhibition of spontaneous motor activity also
developed precociously in ChAT mutants. Third, the
frequency of spontaneous activity in ChAT mutants
failed to recover to normal levels during Phase II of de-
velopment. Fourth, the disinhibited pattern of motor ac-
tivity in ChAT mutants exposed to bicuculline and
strychnine differed from the pattern in controls. Fifth,
Neuron
46right-left and flexor-extensor phase coordination were t
caltered in ChAT mutants, and these locomotor pheno-
types could not be mimicked by acute application of t
tnicotinic and/or muscarinic receptor antagonists to
controls. Taken together, our results demonstrate that s
wacetylcholine signaling is required during a transient
phase of embryogenesis to drive the proper develop- c
ment of spinal locomotor neurons. In the absence of
this neurotransmitter, numerous secondary changes t
carise that have long lasting effects on spinal neuron
function. l
iWhat accounts for the locomotor defects that arise
in ChAT mutants? At early stages of spinal cord devel- a
mopment, numerous changes were detected in the
pattern and physiology of spontaneous motor activity. f
eAlthough these represented rather dramatic functional
changes, we were unable to find evidence for altered f
fcell fate specification, gene expression, and/or neuro-
transmitter profiles in ChAT mutants. Thus, the func- t
ctional changes that we detected in spinal neuron activ-
ity could have arisen from rather subtle defects and t
tillustrate the sensitivity and value of functional assays
to monitor spinal cord development. Similarly, we were t
munable to detect changes in gene expression patterns
within the embryonic spinal cord that might account for t
othe defects in right-left and flexor-extensor coordina-
tion found in ChATmutants; however, translational and/ t
for posttranslational regulation of protein levels and/or
function may provide possible mechanisms (Finkbeiner
Eand Greenberg, 1998; Steward and Schuman, 2003).
Because the application of sarcosine to wild-type em- L
bryos causes a dose-dependent shift in the phase of E
right-left coordination that mimics that in ChAT mu- m
vtants, it seems likely that the ratio of excitatory-to-
oinhibitory input is altered. While further studies are
ineeded to pinpoint the underlying basis of the CPG de-
ffect in ChATmutants, our results demonstrate that cho-
C
linergic signaling during embryogenesis plays a critical m
role in determining how locomotor circuitry functions C
band suggests that motor neurons themselves might in-
tfluence the properties acquired by spinal interneurons
pduring development.
p
s
Development of Motor Activity n
cDuring embryonic development, motor neurons depo-
wlarize in recurrent cycles of activity. We identified two
sseparate periods of activity in which locomotor neurons
wdisplayed distinct physiological properties (Figure 4C).
t
During Phase I, from E12.5–E14.5, spontaneous motor t
bursts were dependent on acetylcholine, glycine, and,
to a lesser extent, GABA (GABA results not shown). E
MPhase II, from E15.5 onward, was characterized by an
eentirely different mode of activity in which acetylcho-
Pline-mediated drive seemed to be replaced by gluta-
w
mate-mediated drive. We also found that glycine and 5
GABA began to suppress, rather than promote, sponta- t
pneous bursts during this period, although the frequency
(of motor activity actually increased despite the matura-
ation of inhibitory inputs. Based on recordings from nu-
vmerous embryos around the transition from Phase I to
u
Phase II, this process seemed to be gradual, probably G
spanning at least 1 day of embryonic development. In w
waddition, recordings from several E15.5 embryos de-ected glutamatergic drive prior to the switch to gly-
ine- and GABA-mediated inhibition. Taken together,
hese results seem to indicate clearly that the matura-
ion of locomotor neurons occurs on a well-defined
chedule and that the physiological changes occurring
ithin the developing spinal cord occur sequentially via
ellular interactions that coordinate the process.
The ChAT mutation provided us with the opportunity
o examine whether the normal sequence of physiologi-
al maturation of locomotor neurons is affected by a
ack of cholinergic input. Indeed, we found that the tim-
ng of the transition from Phase I to Phase II was actu-
lly accelerated by approximately 2 days in the ChAT
utants. Although further studies are required, our
indings are consistent with the possibility that cholin-
rgic signaling dictates the timing of glutamatergic
unction. Furthermore, the switch in glycine’s function
rom excitatory to inhibitory also seems to be coupled
o the activity of acetylcholine. The link between acetyl-
holine and glycine may be less direct, however, since
he acetylcholine-glutamate switch appears to precede
he glycine switch. Thus, a speculative model is that
he activity driven by acetylcholine influences gluta-
atergic function, which, in turn, leads to a switch in
he function of glycine (and GABA). Similarly, the devel-
pment of other neuronal networks, such as those in
he retina (Feller, 2002), could also rely on acetylcholine
or coordinating the proper maturation of the circuitry.
xperimental Procedures
umbar Spinal Cord Preparations
mbryonic recordings were performed using a preparation slightly
odified from that described previously (Landmesser and O’Dono-
an, 1984; Whelan et al., 2000). Mouse embryos between the ages
f E12.5 and E18.5 were decapitated and eviscerated. The remain-
ng tissue was then placed in a dissecting chamber containing arti-
icial cerebrospinal fluid (ACSF: 128 mM NaCl, 4 mM KCl, 1.5 mM
aCl2, 1 mM MgSO4, 0.5 mM NaH2PO4, 21 mM NaHCO3, and 30
M D-glucose) equilibrated at 30°C and bubbled with 95% O2/5%
O2. The embryos were pinned onto a silicone elastomer (Sylgard)
ase, and a ventral laminectomy was then performed to expose
he spinal cord and allow oxygenation. One of two types of in vitro
reparation methods was then applied to the remaining tissue, de-
ending on embryonic age. For E12.5 and E13.5 studies, an in vitro
pinal cord hindlimb preparation was used (Landmesser and O’Do-
ovan, 1984). In this preparation, muscle nerves were exposed by
arefully removing the skin and surrounding limb connective tissue
ith a fine tungsten needle. For E18.5 studies, an en bloc isolated
pinal cord preparation was utilized. In this preparation, recordings
ere made from lumbar ventral roots. After ventral laminectomy,
he ventral and dorsal roots were cut, the spinal cord was then
ransected between T5 and T7, and the lumbar tissue was isolated.
lectrophysiological Recordings and Stimulation
otor neuron electrical activity was recorded with fine-tip suction
lectrodes pulled from polyethylene tubing (PE 190; Clay Adams,
arsippany, NJ) into which whole nerves or lumbar ventral roots
ere drawn. The resultant neurograms were amplified (1000–
000×), filtered (0.01 Hz to 3 kHz or 10 Hz to 3 kHz), digitized (Na-
ional Instruments), and recorded continuously directly to a com-
uter using either Axoscope 8 (Axon Instruments) or Polyview
Grass Instruments, RI). Several methods were utilized to evoke
ctivity. To produce an episode of activity in the E12.5 and E13.5 in
itro spinal cord hindlimb preparations, spinal cords were stim-
lated directly or antidromically with a suction electrode, using a
rass (Quincy, MA) S48 stimulator that was isolated from ground
ith a stimulator isolation unit (Grass PSIU6B). Antidromic activity
as evoked by stimulating the motor nerve proximal to the record-
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47ing site. Direct cord stimulation was performed by placing the
electrode directly on the surfaces of various regions of the spinal
cord. For E18.5 en bloc preparations, rhythmic alternating ventral
root discharge was induced by bath application of a combination
of the following drugs: 10 M serotonin (5-HT), 5–10 M N-methyl-
D,L-aspartate (NMA), and 50 M dopamine.
Drug Treatments
Neurochemicals and receptor blockers were bath-applied to the en
bloc and in vitro spinal cord hindlimb preparations, using a pump
that circulated oxygenated ACSF solution over the preparation. A
list of drugs used includes the following: nicotinic cholinergic re-
ceptor blockers d-tubocurarine (dTC) at 10 M; dihydro-β-ery-
throidine hydrobromide (DHβE) at 5 M; mecamylamine at 20 M;
muscarinic acetylcholine receptor antagonist atropine at 20 M;
GABAA receptor blockers bicuculline at 50 M and picrotoxin at 50
M; glutamate receptor blockers APV at 100 M and CNQX at 20
M; and glycine receptor antagonist strychnine at 5 M. Each drug
was evaluated either alone or in combination with other drugs for
its effect on spontaneous bursting or drug-evoked alternating
rhythmic activity. Drugs were applied for a minimum of 20 min be-
fore their effects on episode frequency, burst structure, burst dura-
tion, and/or cycle period were assessed. Episodes of spontaneous
bursting activity, which consisted of one or more closely spaced
bursts (within seconds of each other), occurred at regular intervals
of R1 min in wild-type control embryos. The interepisode interval
was used to quantify the frequency of spontaneous episodes. The
interepisode interval was defined as the time between the end of
one episode and the beginning of the next. When comparing dif-
ferent drug treatments, R10 episodes were measured. Except
where indicated, a given drug treatment was performed on two or
more embryos with similar results, and, in most cases, drugs were
washed out to ensure that the tissue was healthy and burst param-
eters returned to control values.
Data Analysis
Data analyses were performed offline using Axoscope (Axon instru-
ments) or Polyview (Grass Instruments) acquisition software along
with Clampfit (Axon instruments) or Axograph (Axon instruments)
analysis software to determine episode frequency, burst duration,
cycle period, and phase values. Significance of the data was eval-
uated using the Student’s t test. If necessary, rectification and
smoothing of drug-evoked rhythmic alternating discharges were
performed digitally (moving average, >50–500 points). The cycle
period of drug-evoked activity was determined by measuring the
peak activity of the low-pass filtered record (0.1–10 Hz). Burst dura-
tions and cycle periods for drug-evoked alternating activity were
determined through an analysis ofR30 bursts per embryo. At least
seven embryos of each genotype and age were used in the deter-
mination of burst parameters. Coupling between the bursting of
bilateral roots was determined using circular statistics to generate
phase values (Kjaerulff and Kiehn, 1996). Phase values were plotted
on a circle representing 360 degrees. The phase values 0 and 360
degrees are equivalent and reflect synchrony, whereas 180 degrees
reflects alternation. The mean phase is indicated by the direction
of the vector originating from the center of the circle.
Immunocytochemistry and In Situ Hybridization
Immunocytochemistry was performed as described (Thaler et al.,
1999) on 20 m sections of E13.5 or E18.5 spinal cord with the
following antibodies: rabbit anti-Isl1; guinea pig anti-Chx10; rabbit
anti-Calbindin (Chemicon); rabbit anti-ERR3 (Evans Lab, Salk Insti-
tute); rabbit anti-Evx1 (Moran-Rivard et al., 2001). Digoxigenin-
labeled riboprobes complementary to VGLUT2, VIAAT, and KCC2
(Lanuza et al., 2004) were synthesized according to the supplier’s
protocol (Roche) and used for in situ hybridization as described
(Schaeren-Wiemers and Gerfin-Moser, 1993). Backlabeling of spe-
cific motor neuron subtypes was performed with rhodamine-
dextran (3000 MW) (Molecular Probes). Images were obtained with
a Zeiss Axioplan II microscope and analyzed with OpenLab 4.0
software (Improvision). Cell counts were obtained by counting la-
beled cells in a given section, and the numbers presented reflectthe average of six sections derived from a total of two or more an-
imals.
Supplemental Data
Supplemental data include one figure and accompanying text and
can be found with this article online at: http://www.neuron.org/cgi/
content/full/46/1/37/DC1/.
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